The Pockels effect can be used to tune the effective birefringence of ambichiral structures made of electrooptic materials with42m point group symmetry, when a dc electric field is applied parallel to the axis of nonhomogeneity. The reflectances and transmittances of such an ambichiral structure can be calculated through the solution of a boundary-value problem. The Bragg resonance peaks, for different circular-polarized-incidence conditions, blueshift as the angle of incidence increases.
INTRODUCTION
Reusch demonstrated in 1869 [1] that a stack of identical, linear, uniaxial, dielectric, crystalline layers -each rotated about the thickness direction with respect to the distinguished axis in the previous layer by a fixed angle ∆ξ that is an integer submultiple of π -would transmit normally incident circularly polarized (CP) light of one handedness while CP light of the opposite handedness would be highly reflected, provided that the stack of layers is thick enough and the wavelength of the incident light lies in the Bragg regime. Not much attention was paid to Reusch's structure until 2004, when a classification scheme for such structures was devised [2] . They were classified into equichiral, ambichiral, and finely chiral structures, depending on the incremental angle ∆ξ = π/q, q = 2, 3, ..., between any two successive layers. An equichiral structure (q = 2) exhibits the same Bragg resonances for normally incident light of both left-and right-CP (LCP & RCP) states, while an ambichiral structure (q ≥ 3) exhibits different Bragg resonances for different CP states. Finely chiral structures are those in which q approaches infinity while the total thickness remains fixed.
Thereafter, it was theoretically demonstrated that by incorporating electro-optic properties with42m point group symmetry in the uniaxial layers, the Pockels effect [3] could be invoked on applying a dc electric field parallel to the thickness direction in order to change the effective birefringence of the crystalline layers [4] . Thereby, the spectral locations of the Bragg resonance peaks of an ambichiral structure could be electrically controlled, thereby leading to electrically tunable CP-rejection filters.
That analysis [4] was confined to normally incident light. Here, we present the formulation of a boundaryvalue problem for obliquely incident light. The plan of this paper is as follows: Section 2 contains a brief description of the ambichiral structure along with the formulation of the boundary-value problem to examine the electro-optic responses of ambichiral structures to obliquely incident plane waves. Numerical results and a discussion thereof are provided in Sec. 3. Vectors are denoted in boldface; the position vector is denoted by r = xû x + yû y + zû z , withû x ,û y , andû z as the Cartesian unit vectors; symbols for column vectors and matrixes are decorated by an overbar; and an exp(−iωt) time-dependance is implicit with i = √ −1, ω as the angular frequency, and t as time.
THEORY IN BRIEF
Theoretical analysis of the electro-optic response of an ambichiral structure to an obliquely incident plane wave requires the solution of a boundary-value problem. The ambichiral structure has N >> 1 identical layers. Each layer has a thickness D and extends infinitely in the transverse (i.e. xy) plane. Hence, the total thickness of the ambichiral structure is L = N D and it occupies the region 0 ≤ z ≤ L. The half-spaces z ≤ 0 and z ≥ L are assumed to be vacuous.
An arbitrarily polarized plane wave is incident on the ambichiral structure from the half-space z ≤ 0. Consequently, a reflected plane wave exists in the half-space z ≤ 0, and a transmitted plane wave in the half-space z ≥ L.
The electric field phasor associated with the incident plane wave is
where κ = k 0 sin θ; k 0 = 2π/λ 0 is the wavenumber in free space; θ ∈ [0, π/2) is the direction of propagation of the incident plane wave with respect to the z axis; ψ ∈ [0, 2π) is the direction of propagation of the incident plane wave with respect to the x axis in the xy plane; the quantities a L and a R are the known amplitudes of the LCP and RCP components; and the vectors
are of unit magnitude. Similarly to Eq. (1), the electric field phasors associated with the reflected and transmitted plane waves are, respectively,
and
The quantities r L and r R are the unknown amplitudes of the reflected planewave components, while t L and t R are the unknown amplitudes of the transmitted planewave components.
Let all N layers of the ambichiral structure be made of a material with42m point group symmetry, examples of relevant materials being ammonium dihydrogen phosphate and potassium dihydrogen phosphate, both being transparent in the visible and near-infrared regimes. A uniform dc electric field E dc = E dc zû z (where E dc z can be varied in sign and magnitude) is supposed to be applied across the ambichiral structure.
The n th layer, n ∈ [1, N], in the ambichiral structure occupies the region z n−1 ≤ z ≤ z n , where z m = mD. The optical relative permittivity matrix of the n th layer is given by [4] 
where r 41 and r 63 are the electro-optic coefficients relevant to the42m point group symmetry; and 1 and 3 are, respectively, the squares of the ordinary and the extraordinary refractive indexes in the absence of E dc . The tilt matrix is defined asR
The quantity ξ n = (n − 1)∆ξ = (n − 1)π/q with the ratio N/q being an integer. The rotation matrix
indicates rotation about the z axis by an angle ζ with respect to the first layer in the structure. Finally, the parameter h = 1 denotes structural right-handedness and h = −1 is to be used for structural left-handedness.
Applying the source-free Maxwell curl postulates in the region 0 < z < L -and making using of the piecewise uniform, optical relative permittivity matrix¯ r (z) therein -we obtain four ordinary differential equations and two algebraic equations. Their solution can be obtained using standard techniques. The usual boundary conditions across the planes z = 0 and z = L are invoked. The end result is the set of 4 linear algebraic equations stated in matrix notation as ⎛
where the 4×4 matrix
η 0 is the intrinsic impedance of free space, and the 4×4 system matrixM = exp
, are too cumbersome for repetition here.
Equation (8) can be solved by standard matrix manipulations. Thereafter, reflection and transmission coefficients (r LL , r RR , and so on), conveniently defined through the 2 × 2 matrixes in the relations
can be ascertained. Co-polarized coefficients have both subscripts identical, but cross-polarized coefficients do not. The square of the magnitude of a reflection or transmission coefficient corresponds to the respective reflectance or transmittance, i.e., R LL = r LL 2 , and so on. The principle of conservation of energy demands that R LL + R RL + T LL + T RL ≤ 1 and R RR + R LR + T RR + T LR ≤ 1, the inequalities turning into equalities when there is no dissipation inside the ambichiral structure.
NUMERICAL RESULTS AND DISCUSSION
The reflectances and transmittances were calculated for varying values of θ and E dc z and plotted against the free-space wavelength λ 0 = 2π/k 0 . The parameters used are that of ammonium dihydrogen phosphate at λ 0 = 546 nm: 1 = 2.3409, 3 = 2.1992, r 41 = 24.5 × 10 −12 m V −1 and r 63 = 8.5 × 10 −12 m V −1 [3, 5] . Figure 1 shows spectrums of the co-polarized reflectances for incident CP light of an ambichiral structure with q = 3. A Bragg resonance exists at λ 0 ∼ 820 nm in the spectrum of R RR , whereas a Bragg resonance exists at λ 0 ∼ 410 nm in the spectrum of R LL . This is expected of ambichiral structures with h = ±1: if λ , 1, 2 , ...) [4] . The foregoing statement, of course, must be modified by the frequency-dependences of the constitutive parameters of the electro-optic material, as well as by the inapplicability of continuum electromagnetic theory at extremely high frequencies. In addition, we conclude from Fig. 1 that without a dc electric field being applied, the Bragg peaks are weak because the number of periods L/Ω = 24 (where Ω = qD is the relevant period because χ = 0
• [6] ), is not sufficiently large for the Bragg phenomenon to develop adequately. However, the Pockels effect can be exploited to deepen the Bragg resonances by the application of a dc electric field. This was shown in the predecessor paper for normal incidence (θ = 0
• ), and has now been confirmed for oblique incidence as well. However, for very high angles of incidence (say, θ > 45
• ), the discrimination between incident LCP and RCP plane waves degrades significantly.
In order to put the high value of |E dc z | in perspective, consider the voltage needed to transform a polarization state into its orthogonal polarization state by an electro-optic material. Called the half-wave voltage, this quantity can be in the kV range. For instance, it equals 9.3 kV for a z-cut plate of potassium dihydrogen phospate [7, p. 420] . Furthermore, the dc electric field is much smaller than the characteristic atomic electric field strength [3, p. 3] . Finally, the photorefractive effect appears to hold the possibility of delivering such high voltages [8] . Indeed, just as composite piezoelectric materials with very high electromechanical coupling coefficients have been realized during the last decade [9, 10, 11] , we expect that composite electro-optic materials with very high electro-optic coefficients may well emerge soon. Finally, we have not considered the possibility of electric breakdown, as it would significantly depend on the time that the dc electric field would be switched on for.
From examining many numerical results, we concluded that the Bragg resonance peaks blueshift as the angle of incidence θ of the incident plane wave increases. Furthermore, as |E dc z | increases, the intensity of the Bragg peak deepens and hence leads to better rejection filters for CP light. These conclusions would have to be modified if the frequency-dependences of the constitutive parameters were to be taken into account, but the qualitative understanding would hold. Also, the use of different point group symmetries would affect the dependences of the reflectances and transmittances on the sign of E dc z [12] . We plan to investigate these issues further.
